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We collecæd a large aÍlount of phase. velocity data for fundamental mode
Rayleigh waves with period ranging between 2O and IOO seconds from. the
literature. These data were classified and organized in a way that can now be used
by other authors. These data were used to determine the average phase velocity
for three regionalized and widely used Earth models. These values served as an
initial model used in the unwrapping process of the phase spectra measured in the
second part of our study, where we studied the records of Rayleigh waves
generated by a set of45 earttrquakes, which had their source mechanism and focal
depth determined by other authors. The data from this second part of the study
conplement the data collected from the existing literature. We have then obtained
an increased (we had more than doubled the initial amount of data available) data
set which also includes the group velocity data from the second part of our study.
This increased data set is orgapized to faciliøæ future studies on wave
propagation, source mechanics and Earth structure.

COMPILAçAO GLOBAL DAS VELOCIDADES DE FASE E DE GRU-
PO NO MODO FUNDAMENTAL DE ONDAS DE RAYLEIGH COM
PERÍODO VARIANDO NO INTERVALO ENTRE 20 E lOO SEG

- Neste estudo, mostranros uma grande quantidade de dados de velocidade de fase
de ondas Rayleigh no modo fundamental, com valores de perfodo variando entne

20 e 100 segundos, que foram compilados da literatura geoffsica internacional.
Estes dados foram classificados e organizados de modo que possam ser agora uti-
lizados de modo rotineiro por pesquisado¡es em sismologia. Neste trabalho, os da-
dos em questão foram empregados para determinação ila velocidade de fase média
em três modelos globais de regionalizaçâo dos tipos tectônicos encontrados na
Terra. Os valores determinados serviram, na segunda parte deste estudo, para de-
finir um modelo inicial, usado no processo de desdobramento do espectno de fase
de ondas geradas por um conjunto de 45 sismos, cujo mecanismo focal e profun-
didade focal foram determinados por outros autores em estudos prévios. Os dados
de velocidade de fase deærminados nesta segunda parte do trabalho foram então
acrescentados, para efeito de cornplementação, aos dados compilados e otganiza-
dos na primeira etapa. Assim, obtivemos um banco de dados consideravelmente
mais extenso que o primeiro (o resultado de nossas npdidas praticamente dobrou a
quantidade inicial de dados disponfveis na literatura), que pode agora ser empre-
gado em estudos futuros sobre propagação de ondas, mecanismo focal e sobre es-

trutura interna terrestre. Além das novas medidas de velocidade de fase mostradas
aqui, nosso novo banco de dados inclui ainda um grande conjunto inédito de me-
didas de velocidade de grupo destas ondas, correspondente aos percursos estuda-
dos na segunda etE)a.
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INTRODUCTION

The objective of this work is to compile all phase

velocity data available in the literature for fundamental
mode Rayleigh waves in the 2O to 10O seconds period
range? and to rneasure phase velocities for additional
paths covering regions that were not included in
previous studies, so that a larger, and more complete,
data set is readily available for the seismological
community.

Previous studies on regionalization of phase
velocity of fundamental mode Rayleigh waves were
restricted to parts of the Earth in the period range
considered here. The global information on phase

velocþ of shorter period surface waves is essential
for the application of the moment tensor inversion
technique to surface waves from smaller earthquakes
which do not generate sufficient long-period energy. It
is also useful for more detailed studies of the structure
of lithosphere and asthenosphere.

In order to gather this data set we have divided
this work into two parts.

To pursue our objective of global coverage, we
started this project by collecting the phase velocity
data already measured by other authors. We used
published phase velocity dispersion curves measured
using the one-, two-, or, in some cases, three-station
method, and formed a complete collection of existing
data.

We constructed initial models of global phase
velocity distribution using the data collected from the
literature by grouping the data according to the
tectonic types of their paths. Similar studies on a
global scale for this period range have been done
previously by a number of authors including Oliver
(1962>, Brune (1969), Dorman (1969), Knopoff (L972,
1983) and Sobel & Seggern (1978). We adopted three
different Earttr models due to Okal (1977),I-eveque
(1980) and Jordan (1981). These models have been
used in the study of waves with longer period: Silver
& Jordan (1981) used the model of Jordan (1981),
Dziewonski & Steim (1982) used a four-region model
very similar to that introduced by læveque (1980),
while Nataf et al. (1986) considered the model of Okal
(1977). We also used a statistical test to verify the
effectiveness of these models for grouping the data set.

In the second part of our work, we more than
doubled the number of paths for which the phase
velocity had been determined before. We achieved this
by measuring phase velocity between the epicenter and
WV/SSN stations for 45 earthquakes, for which focal
mechanisms have been determined by other authors
using body waveform data. We also processed a large
amount of group velocity measuÍements, to establish a
simila¡ set of globally regionalized group velocity

Global compilation of Rayleigh

models.

EXISTING PHASE VELOCITY DATA FOR FUNDA.
MENTAL MODE RAYLEIGH WAVES IN THE 20 TO lOO

SEC PERIOD RANGE

rWe will first review the evolution of the studies
on phase velocity of surface waves. In this case, each
of the methods used for such measurements will be
considered. A complete review of each of the studies,
summarizing the main constraints used in the
measurements, as well as the enor estimates made by
each author, can be found in the work of Rosa (1986).

The thrce-station methods

The first phase velocity measurement of Rayleigh
waves was done by Press (1956a, b) using a three-
station array. This method is widely known as the
three-station (or tripartite) method. In his work, he
established a sequence of phase velocity data
inærpretation that is still followed in recent papers:
measurement of phase velocity, calculation of
theoretical phase velocity curves for a given stn¡cture,
comparison of observed and theoretical curves, and
interpretation of the structure which theoretical
dispersion curve had the best fit under the light of
additional geological and geophysical information
available for the area.

Press (1956a, b) identified the crests and troughs
of Rayleigh waves generated by an event at three
stations located in southern California, and measured
the difference in travel time observed among stations.
From these differential travel times, the velocity and
the angle of incidence of the wave are calculated
assuming that incident wave is a plane wave.

We present a simple sketch of the three-station
method of Press (1956a, b) in Fig. 1, where a surface
wave with period T, and phase velocity cCI)
approaches an array composed of stations 1,2 and3.
The phase velocity measured by the observation of the
wave from arrival at each station can be obtained from

(1)

where

\ 412 and 413, At12(T) and At13Q) are the distance
between station pairs 1-2 and 1-3, and the arrival time
differences of the phase with period T at these stations
pairs, respectively.

c' is the angle between the triangle legs
containing the station pairs 1-2 and 1-3.
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Figurc l. Schematic representation of plane wave incident
on a tripartite array, where observed arrival times
are used to determine the phase velocity c(f) for
the region covered by the triangle, and the
incident angle ACI).

Figura l. Representação esquemática do plano de onda in-
cidente em um arranjo de três estações, onde as

observações de tempo de chegada das ondas são
usadas para determinação da velocidade de fase
médiq cCI), para a região envolvida pelo triân-
gulo formado pelas três estações. Neste caso,
também é determinado o ângulo de incidência das
ondas, ACD.

A(I) is the incident angle of the wave front. It
can be measured using Snell's law,

A(T):1¿¡1-t sln cr

t3ltI 3G) - cos

(2)

Ewing & Press (1959) chose an event that
occurred in the Samoa Islands as the source for a study
of the distribution of Rayleigh waves phase velocity in
the;whole United States. This was the first attempt to.
regionalize the phase velocity values of fundamental
mode Rayleigh waves.

Knopoff et al. (1966) used events located near a
great circle connecting two of the stations of the
tripartite array. They found that the third station from
the array has little influence on the calculated three-
station phase velocity, so that we can assign the
rneasu¡ed velocity value to the path between the two
stations. We included the results obtained by this
technique in Tab. 1, where we collected all the phase
velocity data associated with particular paths.

REFERENCE SOURCE OF

INFÕRMlION
}IEASUR.E}fENT

HETBOD
NLÌf BER

OF PATHS

Bache et aI
1978

F18ure 2 Apr 14, 1966 14: l3:43
Jun 02, l9ó6 l5:30:00
Jun 06, 1966 14:00:00

I Sùt 6

Baldt et al,
t979

(sooe paths
sre alâo 1û
Båldl er al.,
r978)

Figure I Mdt 25, 1972 22t59:4O.3
Mer 31, 1972 l5:3ór53.5
Feb I9, 1973 08t42t52,1
¡lår 12, 1973 19r39r21.0
Nov Il, 1973 02r43:06.2
Jan 08, 1974 21t41:2L.6
Jaû 22,1974 13¡28r20,0
J$n 24, I974 20:34:35,4
May 25,1975 l9:04:34.4
Jan 23, 1976 l5:14:I6,0

2SM

Berry ând
Knopoff, 1967

Flgure 3 Jun lL, l96I 05: L0:26
JUI 28,1961 0l:05:30
Aug 08, l96I 12:18t23
Aug 17,1961 2L:16:30
AUB 27,1961.01:50:51
Àug 30, l96I 03r 35:02

3 SMt 7

Bfseas,1971 Tables V

end VI
Sep 16, 1964 22¡23t36,3
Sep I7,1964 15:02:00,9
Sep 19, 1964 05¡08:15.1
0ct 12, 1964 21r55:33.2
Nov 30, 1964 12:21:38,6
Jun 02, 1965 23t4O:23,5
JuI 05, I965 08:31:58.3
Aug 20, 1965 21:21:51.,5
Nov 15, 1965 1l:18:50.3
Nov 16, 1965 15t24t43.o
Sep 02, 1966 07259t05.2

2SM I8

Bloch and
Hales,1968

Bolt and
Nlazl. 1964

Ftgure 7

Table 3

Mar 01, 1963 19:I4:lLI
Mar 24, 1963 02:07:09.4
Mar 25, 1963 22:46:16.7
Nov 24, 1964 12:40:5I.4
Nov 30, 1964 L2t27t38,6
May 29, I965 l5:36:3!.9
Sep I9,1965 13:55:39.9
Dec 19, 1965 22,06t32,7

2 S¡t 8

Feb 0r, 1956 0l:32:5ó.9
Jun 29,1959 07:16:06.0

2 S¡r

Brooks, 1969 Flgure 4

Table 5

Jan 23, I965 1ó:09:01.9
Feb 13,1966 06:35.55.7
l{.at 02, 1966 07:32t42,6
ilay 25, 1966 08:28:58.6
Äug 10, 1966 12t33.42.2
Sep 07, 1966 05:53:45.7

2

I
SM

SM

3

6

Brune et aI
1 960

Flgures 6

and 11

0ct 18, I958 I5r00r00
oct 22. 1958 08i21:ll

2

Brune ând
Dorúân,1963

Tables 3

ând 4

Jan 07, 1956 l6:41:04
Jun 03, 1956 05:1.9:23
Sep 14,1958 l4t2l:37
Nov I2,1958 06¡09:10
Jan 30, 1959 05tI7t32
Juo 14, 1959 00:ll:57
Ju1 09, 1959 I6:05: I8
Nov 03, 1959 09:40:05

2

Ì
SM

SM

9

5

Burkhard, l977 ¡la¡ 07
Hat 29
JuI 29
Aug 20
oct 0l
Nov 12

Dec 06
Feb 10
Jun 28
Jul 04
Aug 07
Aug 07
Sep 09
Jan I9
Âpr 09

963
9ó5
965
965
965
965
963
966
966
966
966
966

05:2I:56
10.47 .37
08t 29 t2L
2L:21:49
08:52:04
17:52t21
ll:34i48
I4:21.:ll
04t26t13
Ì8:33:37
02:13:04
17 t36t21
Ì0:02 ¡ 2 5
l2:40:09
02t 28 | 59

lsM

t966
1967
r 968

37

Calcâgnile and
Panza, 1978

Table II Dec 28, 1967 06t26t15
i{ug 05, 1968 l6:17:04
Sep 17,1969 l8:40:45

2 S¡l 3
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PÂTHS

Ftgure 3 APr
Àpr
Jun
Jun
Jul
Ju1
Jul
0ct
Jaû
Feb
lla r
ùfa r
Hâr
Uar
Apr
Apr

02,
03,
14,
30,
05,

28,
2r,

26,
09,
13,

28,
o5'
09,

1964 01¡ll!43.5
1964 O(t12t39,4
1964 l2r 15r31.3
1964 13r46:18.5
!964 l9:07:57,8
1964 l9:31¡07.0
1964 2l:3at43.5
1964 07r38¡31.0
!965 13:32:24.0
19ó5 08:55r42,2
1965 11157t53.7
1965 04¡08r40.5
1965 22t56t26.5
1965 16:33: !4.6
1965 03¡ l2:54.2
L965 23t57t03.2

2 slf

Forsyth, 1973 Table 4 ItÂr 07,
Apr 19,
oct 06,
0ct !2,
Nov 03,
Nov 06,
Nov 25,
Jul 20,
Dec 29,
Jan 2l'

1963 05¡21:59.6 tsM 76

1964
r964
t964
1 965
r965
r96 5

r966
1966
L967

05: l3:00.5
07 tll:56.1
2l:55:34.0
l8r2lr08.ó
09:21¡48.6
l0:50r 40.2
L3:22¡ 53.6
ll:56:23.I
02t 54:OO.4

Apr 0I,
Jun 26,
Sep 09,
Sep 20,

t967
r969
1969
1969
r 970
l9 71

l0r4!:00.2
02:30:58.4
l5: 2 3: 10.8
l5: 26:41. 5

20: 1.0:58.2
08!25r0L7

Lpt 29,
üay 19,
Jun 21,
sep 09,
Nov 13,
Dec 06,
Dec 15,
Jan 23,
Mar 07,
llat 27,
üay 09,
Jul 12,

19ó5
1965
1965
r965
1965
r 965
r 965
1966
r 966
I 966
1 966
r 966

l5: 2 8:43 .3
06¡03r58.9
00:2 L: !4.5
l0¡02r25.4
04:33:53.0
I1:34:53.7
23t05t20,7
0 I: 56 ¡ 38.0
0l: l6: 05.8
l8¡53r4)..3
00:42:55.6
18:53¡ 08.5

Nov 18,
lláy 09,

Jul 27, 1966 04!48!59.4
Âug 19, 1966 12t22t09.6
Jan 20, 1967 0l:57r23,1

SOURCE OF

INFORHATION

EVENTS STUDIED HE,ISUREHENT
XETHOD

REFEREI.ICE

Apr 04, Ì975 05r16r16.2 NSH IC.lcrgntle snd
P¡rzs,1979

lable 2

2SMC.lc¡tnfle aûd
Pârze,1980

Tâble I ì{ar ll, 1965 l7:07:05.5
Feb 23, I976 l5:I¿¡16.0

2SM 4c¡).crgnllê et
¡1., 1984

TåbIe 2 I9

t9

Hay
JUI
Jsû
Hâr

1963 0l¡03¡0ó.2
1963 05:41r41.0
1964 01 ¡ l2:23.5
1964 09142t34.9

3

2
Apr 03, 1972 l8:52r59
Apr 03, 1972 20t36:22

2SM 2Caputo ec el
19 76

lable I

40Chang,1979 labLe 4 Aug
Dec
Feb
Mar
ÀPr
Jun
lla r
Oct
Dec

26,
13,
07,

06,
3t,
14,

I 964
1964
r966
I96ó
1 966
I 966
I 9ó9
197 0
197 4

L3t41 tzo.
l4:30¡29.
I0:44: 4 1 ,
2L:29t17.
23t22 | L9 .
07 | 46:16.
07r15:54.
07 t29,58.
12: ll:43.

lsM

I S¡l 5Chsndhury
r966

Ftgure 6 l}t 47 t24 '1
l5:?6¡31,0
1 5: 58: 46 .5
I5: l0:48.8
l7 | 47 tO5 ,9

Jun 19,
Jun 2!,

Íeb 27,
Feb 28,

r963
1963
r964
L964
1964

Feb 07, 1965
0ct 01, 1965
May 15, l9ó6
Mar I9,1967

1 S¡t 23Forsyth,1985 Teble

7Foudâ,1973 Tables 5

thtu 9

2l:15:03.9
12,27 t38.6
I5r28:43.4
10¡ 3 3: l6 .5
06 t25t 49 .5

0ct 11,
Nov 30,
Apr 29,
Áug 18,
Feb 02,

r964
t964
I 965
I 96ó
t967

Ftgures 3

and 4
Nov 03,
Nov 23,
Dec 16,
Feb 10,
Feb 29,
Ju1 05,
Jul 08,

1 963
r963
I 963
t964
1964
r964
I 964

03|L0:l2.7
07 .50t 46,3
01:5Ir30.6
l7:27:58.0
23t 49 | 40 .8
19107 t57,8
11r 5 5:39 .0

2 Slf ICabr!e1 ând
Kuo,1966

Dec 25,
Mar 28,
Mar 28,
üar 31,
Apr 02,
Mãy L3,
¡1ay 18,
Jun 02,
Jun 15,
Jun 17,
Jun 24,
Jul 14,
Aug 13,
Aug 14,
0ct 02,
oct 04,

1962
I 963
I 963
1963
r9 63
r9 63
19 63
I 963
1963
r9 63
196 3

r963
196 3
19 63
196 3
r9 63

12r09:45.6
l1:12:31.3
23t29 | L4 .6
19 t22,53.3
04¡ 4 3:30.9
22: 4 8: I0. 3

l2:20:3!.9
l0 | 00: 00. I
l5:30i 37.7
l8:30:54.3
16:17r15.4
0Ot02t22.8
2Lt52t37,4
02t46t44.1
03t3It21,0
O2:47 :32 .l

9Concz et al.,
t97 5

Flgüre 5

REFERENCE SOURCE OF

INFOR,{,\lION
EVEMTS STUDIED ¡IEASURE¡.IEIfT

vElü0D
NUIISER

OF PATIIS

Goncz eÈ âI.
t97 5

(contlnued)

cott
oc. 27,
0ct 31,
Nov 24,
AUB 20,
Dec 30,
üar 02,
Jun 27,
Jul 17,
Jul 21,
ocr 23,
Dec 09,
Feb 17,
0ct 12,
Dec 27,
uay 26,
Jul 10,
JuL 22,
Nov 26,
Apr 05,
Âpr 21,
Jun 29,
oct 22,
0c t 31,
feb 04,
Jun 25,
Aug 13,
Aug 2¿,
oct 25-

l96l l0:18:49.0
1963 0l:17r42.0
I963 16r30:16.0
1964 12,48:47.1
1964 l3¡ l9:47.4
l9ó5 09! l9:4I.6
1965 09:45:48.7
1965 07r20:30.7
1965 02r51:39.0
1965 08r13:47.4
1965 06t07 |t 7,1
196ó tlr47:56.8
1966 00:06¡38.8
1967 16t22t48,5
I9ó8 I4:41i52.0
1968 1l:I6r44.6
1968 05r09r15.7
!9ó8 00¡03:14.3
I969 02:18¡29.9
1969 07;!9:27.5
1969 17r09:13.9
1969 22:51¡11.5
1969 l1¡33:04.8
1970 05:08:48.0
1970 05:13:58.6
1970 04:22¡38.5
1970 12r30:I9.5
1970 12:00r35.2

Cregersen,
t970

Guùper and
Pooeroy,1970

¡l8ures 3

thtu 7

Jan 05, 1964 23t46,10,7
Aug 25, 1964 L3!47!20,6
JuL 12,1966 l8:53:10,4

2SM

Gupta et al
1977

Fl8ure 4 JuJ.09,1964 l6¡39!49 2SM I

Jaoes, l97l Flgures 6,
8,9, 10, 11,
12, r 3, 17

Feb 21, 1966 00t22t29.5
Lar 20, 196ó O1t42t49.9
Sep 14, 1966 23r18:40.8
Sep 15, 1966 ll:51:56.4
0ct 1I,1966 I6¡25:55,I
Àpr 19, 1968 09t04r27,3
Dec 05, 1968 09:44!I1.0
Sep 29, 1969 20:03r32.8

2SM 9

K@lû@a' 1966 T¡bIe 3b ¡l,ar 09,
Ma r 01,
Nov 11,
Nov II,
Dec 17,
üar 03,
Mar 05,

L957 14122t27
1964 08r18:56,4
1964 13r17r37.5
1964 l9!06: 57. I
1964 05:18¡34.0
1965 t9:29:16.1
L965 13t42t44.1

2SM 1
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souRcE 0F
I NFOR{ATION

REFE RENCE

Knopof f et
aI', 1966

Flgures Al
thru Àl 6

Knopoff et
aL. , I9ó7

Flgures I
thru 6

0c¡ 29,1960 l3:26r10'0
Jun II, l96I 05: I0:26.3
Àug 30, I9ól 03:35:02.7
Nov 29, I962 l9:06;37.6
Feb 22, 1963 07¡10r28.0
¡tar 08, 1963 02:44:31.5

3 SHI

ì sÙl 5Xnopoff et
sl., 1970

Flture 2 Feb 22, r965 2Ot46t36.0
Feb 22, 1965 21t22t34.3
Apr l!, Ì965 04:59:39.3

Knopoff âûd
Schlue, I972

Flgure 3 Nov 12, 1965
¡lar 07, 1.9ó6

Àpr 20, 19ó6

2 Slf I

Kûopoff and
vane, 1978

lab1e 2 Àug 07
Sep 09

1972 09124,15
1972 O2r44:O3

2 SM 3

Kuo eÈ al.,
1962

Flgures l0
thru 23,
and 26

Jan 15,
Feb 22,
¡lâr 20,
Apr 12,
Sep 04,
l4ay 24,
0ct 27,
Dec 2 7,
Feb 08,

t9 58
l9 58
t9 58
19 58

19tl4:29
l0:50:23,
0l:38:04
1I:4 6 ! 58
2I: 5l, :08
l9: I7 :4 0

06:52r 50
l5:52:55
12t45.34
02:31:I7
OOt21t22
03r 25¡ 36
02:01¡08
07 .39 t22.6
l5: I 8: 30.8
10: 4 3:43 .l

Mar
Har
Apr
Jun
4"8
0ct
Nov

22,
21,
t5,
20,

l9

19
19
l9
l9
l9
I9
t9

58

59
59
59
60
60
60
60
60
60
60
60

09, l9
07, t9
09,19

I
2

SM

SM

l4
2

L¿ndlsosn et
al., 1969

Ftgure 13 Àpr 29, ).963 21,44,17.2
Jun 24, 1963 O4t26t31.9
Apr 04, 1964 04¡54:01.7

2SM 3

Leeds, 1975 Table II llar 29, 1965 l0:47:37.6
Jul 29, I9ó5 08129.21.2
0ct 01, 1965 08t52t04,4
Nov I2, 1965 17t52t27.6
Feb 10, 1966 l4:21:I1.1
Jul 04,1966 18:33:37.1

ISH 1

Lev6hln et
el., 1966

lable 2 'Kadchatka and Kùri1
lslands shocks I

2SM I

Llao, l98l Tables 1 5

and 23
Sep 19, 1967 l0:56:08.8
Sep 25, 1968 10r38:38

SM

SM

4

I

Lyon-Caen,
r.980

flgures 6
thtu 15

May 06,
Sep Ì5,
Sep 15,

1976 20:00:12
I976 03:15: l8
1976 09:21:18

ISM 25

Mftchel, 1977 FlBure 10 lnforMtlon not
aval lable

2SM 2

Mltrovas,1977 lables 2A
ând 28

Jan 02, 1974 l0¡42¡29.9
ìlay 09, 1974 23:23t25.2
0ct 23, 1974 06:14:54.8
Nov 09, 1974 l2:59:49.8

2SM l4

EVIr-TS STUDIED f 5ÅS U RE}C NT
YE THOD

TL'l'lBER
OF PATHS

REFER.E¡ìCE I SOU¡CE O¡
I NFO&YATION

EVENTS STU-DIED MEAS U RE¡GNT

HElt¡0D

0ct 16, l960 19t55:12.2
oct 27, 1960 05r25:o1.6

I Syt t6 I Yirrovrs,1977
| (conrinued)

Jan Ì9,
Fe b 07,
ltår 13,
llar 21 ,
Mây I0,
Jun 16,
Jul 10,
0ct 28,

I975
1975
t91 5

r97 5

1.975

t91 5

1975
r975

08:00¡ 24.3
04:5 I | 44.0
15t26t42.5
05: l5:06.2
14t27.40.5
22:35 t 2 3.2
l8:29r16.0
06t 5 4t 22.4

Oct
0ct
Oct
Nov
Jân
Ha¡
Mar
Mår
ÂPr
AP¡
May
May
¡{å y
flây

t 960
I 960
1960
I 960
19 6I
t9óI
t96l
l96l
I 961
l9ól
l96r
I96L
I9 6l
196t

28,
28,
29,
06,
t9,
o7,
09,

04,
06,
06,
07,
14,
I4.

04:18:4I.9
I3:18:Ì4.3
13:26r10.0
04¡38:16,7
L7 t22t16,9
06:43:10.6
03:59r08.7
2l:01r56.2
09:46:36.6
0Ir33:46.9
l6:04:33.1
I5:40:52,5
15:08:04.2
l5:38r07.5

NUHEER

OF PATHS

Hoazaml_
Coudarz i, 197¿

Table 4 9 earthquakes (orlgin
tløe Lnforútlon not
aval Iab le)

2sM I

Hueller and
Sprechet, t978

Fl8ure 2 Ju1 03, I973 ló!59!35.1 2SM I

Noponen, 1966 FtBure 5 Feb 23, 1964 22,41t06.3
Apr 1I, l9ó4 ló¡00:42.8
Apr 29, t964 04t2LtO6.7
Apt 29, '964 1.7:00:02.9
Apr 05, I965 03t12t54.2

2 S¡r

okal and
Ta Land f er,

l.980

Tâbles 3

and 4
Dec
JUI
Jul
Har
Jul
Nov
Feb
Jun
Nov
Feb

29,1975 03:39r43.0
27, 1916 19,42t54.6
28,1976 l0:45:35.2
19, 1977 23:00:58.3
29,1977 llrl5:45.1
23, L977 09.26t24,7
22, 1978 0ór07:37,0
12, 1978 08:14:26.4
29, 1918 19152t47,6
l6- 1979 L0¡08!54.4

2 S¡t 4

IPÂnza and
Ca lcagnt 1e,

r97 4

Flgure 2 Feb 10, l97l 05r18i07.0 lsM

PaMa et al
19 78

Flgure 3a Dec 17, l97l I9r06:07.1
0cr 06, 1973 15,07t37'3

2SM I

Pâpazechos,
1964

Flgüres 2,
3 ,4 ,6 ,7 ,8,
9,11,12

Nov 14, l96I 04t42t2it,5
Dec 03,1961 0l;00¡35.2
Jan 08, 1.9ó2 0I¡00:24'2
Jan 30, 19ó2 08¡34:26.8
Feb 10,, 19ó2 19!31r56'2
ùfar 05, 1962 0l:50¡50.6
uar 1I,1962 02t26,05.7
Hår 12,1962 11r40.12.8
Mat 27,
Àpr 04,
Apr 20,
l,tay 19,
Hây 20,
Jul 24,
Jul 25,
JuI 30,
Sep 16,
sep 18l
Feb 22,

Nov 19,

L962 2IrL9:29.4
1962 14t02t32.2
1962 05t47.55'3
1962 14:58! I3,3
1962 15!O¡.:20.7
1962 21to8t22.6
1962 04:37:50.7
1962 20:18r49.3
1962 03:05¡33.0
1962 OOI29:O5.2
1963 21:14:06.1
1963 13r34:15.7
I964 09:46¡17.7

lsH 3l

Pepa¿achos,
r 969

FlBures I
thru 5

Jan 11,
¡far 07,
uÁy 19,
¡tåy 23,
May 30,
Ju l 14,
Dec 16,
Jan 15,
Jan 27r
üâr 19,
H¡r 26,
Aug 20,
Dec 03,
¡lar 01,

1963 !2r12:16
1963 12:16r28
1963 0l:03:04
I963 07:43:58
19ó3 06!56r09
l9ó3 05:41;44
1963 01: 5 1:3 I
1964 2l:36r05
1964 0l: l2:24
1964 09:42:35
L964 L3t29t56
1964 03:56:29
1964 0l¡50:Ol
L965 2Lt32tL2

2SH 5

Patton,1973 Tables III
thru VII

oct 18, 1964 09¡06:26.0
Dec 03, 1964 03:50:01.2
Sep 12'
Dec 19,
Feb 17,
Apr 06,

1965 22.o2t34.3
1965 22t06t32.7
1966 11.:48r00'8
19ó6 02:59r01.7

ISM l9
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MTEREÙCE sotRcE 0F
I}¡FORHAÎION

EVENTS STUDIED IIEASURE¡IE¡TT

METIIOD
NIJUSER
OF PATHS

P.ttoû, I978 Flgurcr Cl
thtu C8

É¡y ll, l9ó7
Aut 28, 1969
Scp 14, l9ó9

l4¡50:57
03:58!36.7
l6: 15: 2 5,6
II:43r39,3
l3r 30:56.4
17 t56t52.9
20:05 I 30,9
2l¡21¡37.1
l2:56r01.0

JUI 24,
0ct 28,
ùov 12,
Aug ll,
Aug ll,
Au8 27,

1971
l9 7I
1972
L9f4
t974
t97 4

lsM 44

Pryo, ¡969 Fl tu r.a I,
4b4r, rnd

Jún 03,
Jul 16,
âug 21,
Àug 21,
Aug 25,
Aug 26,
Scp 12,
H¡r 24,

L962
t962
1962
t962
t962
L962
1962
1963
r963
1963
1963
r9ó3
r968

15t02t26.4
04t 49t21,5
18:09¡06
I8:19r33.3
l9:58:47.9
L6t3Qz 47
20: 5 7:00,4
O2:07 t L2.8
18¡43¡1.4
L9t47t41.3
l0: 2 7:0 3. I
l8¡27:18.4
02:0I:03

Apr 10,
Jun 20,
Jun 26,
Jul ló,
Jul 15,

I
2

st{
SM

9

6

?ryo,1970 Flgurc! 4a
4c4b, ¡od

Jun 07,
Jul 04,
Scp 07,
Apr 08,
¡lug 12,
Sep 01,
S€p 01,

r963
r963
t964
t966
r966
L966
I 966

l9: 3 0:3 5. ó
22t 561 L5.7
ll¡27!16.0
05:52r40.0
l5¡36r17.0
0l|38r29.9
2Lt27 t39.0

3 SMl 7

P¡yo ¡¡d Rulr
dc l. P¡rtG,

L974

!f8ur.s I
¡nd 2

êvcnta eith lpr.cêûter 1n
Alboran Sea
AIgêrl.r
Atlantlc 0cesn
!lorocco

2SM 4

Flgurcr 6,
7, ¡nd 8 Jun 28,

Âug 01,
Aug 07,

Aug 16,
Àug 18,
Sep 01,
Sep 15,

966
966
966
966

966
966
966
966

10:59
04t 26
2l¡03
I7r36
1.9¡45
l0! 33
!l!29
I !:51

Jun 27, I 2SM 3

PuJol,1982 flSures 9a
rh4 9e

Apr 16, 19ó5 23t22tlg ISü L2

Ro@ndf cz,
r 981

Ftgurè 16 Jul t4, 1973 I3t39t29.4
Sep 08, 1973 07t25t41
¡lay 05, 1975 05: l8¡46.3

lsH 32

Rooanoul c¿
r9821

Îabl.e 3
Fr.gures 10

end 17

Jun 24,
Jul 14,
Âug 11,
Sep 08,
Dêc 28,
Àpr 28,
Jun 04,
Agu 21,

t972
1973
t97 3
t973
197 4
197 5
1975
t976

L5t29t22.3
l3r 39:2 9.4
07:15r38.2
07r25|41.
l2:11¡46,6
It:06:43.7
02t24t12,9
2Lt 49 t52

1Sü
froD one
êveút to
¡nother

9
7

sávarenaky et
a1., 1969

Ffgures 3,
5, and 6

Nov 05,
Nov 05,
Nov 07,
No v 13,
Apr 14,
Aug 18,

^ug 
18,

Sep 081
É.y ll,
lf¡y 19,
¡l¡r 28,
Aug 03,
oc È 15,
lcb 12,
Feb 14,

1952
t952
1952
1952
1957
r959
1959
l96r
L962
1962
1963
1963
r963
r964
t964

00¡20!02
19 r 08:2 ó
l4:08:35
Ol t 58t47
I9rl7r57
06¡3t¡ l8
1 5:2ó: I 0
tI:2ór33
¡4¡l¡¡54
14s 58: l3
00il5r 50
l0l2l¡37
09¡ 59:2 6
20¡31¡ 53
16t29t45

2 Slt 3

Shudo f sky,
1984

T¡bl.
(AppGndlx
II)

¡l¡y 07, 1964 05:45:3¡..9
lhr 20, 1966 0I¡42¡5I.8
¡l¡r 20, 1,966 02¡39:4L0
tlrr 20, 1966 0!t22t43,6
lô h..^ñtlñrr./

ISH 64
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Prorkury.kovt
.t .1., 1970

TO 8E

REFERENCE SOURCE OF EVENTS STUDIED
}IETHOD PAlüs

Sh ud o fs ky,
I 984

(conc lnued)

¡l¿r 20,
Nar 21,
Msr 21,
t{ay 0ó,
¡lay 17,
0ct 05,
ocr 14,
Hay !5,
Dec 02,
Sep 29,
Apr 14,
No v 13,
Feb 13,
Dec 18,
Apr 25,
Feb 15,
Hår 26,
Apr 04,

1966 08:55:34
1966 0l:10r38.0
1966 09t23:49.9
I966 02:36¡ 51.8
1966 07t03t29.7
I966 08:34:40.1
1967 23t29t3l 6
1968 07¡51r16.5
1968 02:33:42.4
1969 20r03:32.1
1970 19r08¡21.8
I97l 15t47t44
1972 l0t12t42.4
!972 0L¡18¡53.4
1974 Olt03t47
I975 06:Ió:25.7
1975 03¡40:48.4
1975 l7r4lrI6.t
1976 II¡24tQ4,7
1976 I4:59:43.4
1977 08t48t37.4
1977 06¡23¡03.I
1977 23t20t49

con

Jul 0I,
Sep 19,
JuL 06,
Jul 08,
De c 15,

So rlau-
Thevena rd,

t97 6

Flgure 2a Sep 16,
tlov 24,
Jun 12,
Jul 13,
Apr 16,

1973
t973
t974
L974
r975

2Lt26t 53.5
15¡22r09.8
l7:55r08.7
L5t 57 t25.2
OLt27 | L8,7

2SM

Sor1au,1979 Flgures 7

thû 11
1971 l4r00r4l.ó
1971 23r51:35.5
l97I 05r50r05.8
I972 13:08r49,4
1972 18t52t59.a
1972 20t36120,0
1972 LOtl6t38,4
1.972 O9:14t32,9
1972 OÛtL7¡49,2
1972 O4243¡41.6
1973 11r42¡36.1
1973 18:34:43.0
1973 2Ot37 t52.0
1973 02t36,52.0

Jun
Ju1
sep
sep
Nov
Nov
Jan
ùla r
Aug
seP
¡eb
APr
Jun
Jun
Jul

15, 1973 0I:45r57.7
16, r973 2It26:53,5
04,1973 15:52:11.7
08, 1973 08:59:12.9
25,.1976 L2t23,55,5
04, r976 02r50:00.5
23, 1976 03r30:07.6
22, L976 00:16!08.2
19, L977 22t34tO4.1
20,1977 27t42:50.5
28, I977 16rI8r15.2
28,1977 l9:35¡01.9
29, 1977 LItLst45,0

Feb 09,
ìlar 13
Dec 05
Ja¡ 22
Apr 03
Apr 03
Jul 05
Sep 16,
oct 20,
No v 13,
Jån 01,
Jun 07,

11,

2SM 27

Sorlau and
Vadell,1980

Ftgures 2
thru 5

0ct 05,
Dec 28,
Apr 15,
ìlay 23,
Nov 05,
Feb 20,
¡l¿y 21.,
Jun 10,
Aug 25,

1977
r977
r9 7b
I 978
L978
t979
1979
1979
1979

05:34:46.8
02t 45t36.7
23t33147.2
23r34:11.4
22t02tO8.3
06:3 2:38,0
22¡ 22t24.0
06:49t57.0
08 | 4 4:05.6

2 S¡r 8

Stusrt,1978 ¡fgure I 1971 08¡28:53.1
I971 20¡48:48.0
1972 03r53¡26.5
1972 01t36t52,4
L972 L9t57:27.1
1972 O2tl4:26.8
t972 04r31:42.8
1972 IOt06,29.6
1972 O6¿44¡4Q.4
1972 22t59129.7
L912 14t36,07,3
1973 11:06! 14.7
I973 03:00:58.8
1973 12t29t04.3
1973 I5t52tLL,1

2t,
09.

sep
s€P
Nov
Nov
Dec

Aug 19,
0ct 30,
Sep 16,
Sep 19,

Dec 27,
Dec 28,
¡lar 18,
Apr 07,
Sep 27,
Nov 04.

14,

2sM 15

Suarez, 1982 Table
(Ap pendlx
2)

JuI 24,1969 02159.20.9
0ct 01, 1969 05:05:50.0
[iây r5, 1976 2Ir55r55.0

1sM 46
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REFE RENC E SOURCE OF
I NFOR}IATION

EVENTS STUDIED ¡I EAS U REHE NT
H ETHOD

I¡IJ¡I BER

OF PÀÎHS

ThoMs, 1969 Tables 6
thN 14

Dec 25,
Dec 29,
üâr 28,
¡lår 28,
Mar 31,
Apr 02,
Ms y 13,
tlay I8,
Jun 021
Jun 05,
Jun 15,
Jun 24,
Jul 14,
Ju l 1.4,
Aug I3,
Au8 14,
Sep 14,
Sep 24,
oct 02,
oct 04,
0ct 26,
oct 27,
oct 27,
oct 31,
L¡ov I8,
Nov 20,
Jul 25,
Aug 20,
0ct lI,
0c t 12,
0c t 17,
Nov 19,
Dec 30,
Har 16,
úat 29,

1962 I2:09:45.6
1962 10r4tr04.1
I963 llrl2:'ì1,3
l9ó3 23:29:14.6
1963 I9r22r53.3
1963 04:43r30.9
1963 22:48r10.3
!963 12:20¡31.9
I963 l0:00:00.I
1963 22:54t28.7
1963 l5:30:37.7
1963 l6r I 7: !5.4
1963 00:02!22.8
1963 I4:28:22.1
1963 21,52t17,4
1.963 02:(6r44.1
1963 03:52:16.9
1963 ló:30¡ 16.0
I963 03¡31r27.0
1963 02t47232,1
1963 22t41t29.8
1963 10:38¡49.0
1963 18t24t42.9
I963 03!17:42.0
1963 2lrIl¡10.2
1963 11r59:58.5
1964 2I:29:33.2
1964 l2thït47.7
I964 Ì.1:10r33.6
L964 15t42t54.7
1964 0l:38:36.0
1964 15r45:31.2
1964 13¡I9:47,4
1965 f6:46: t5.5
1965 10:47:37,6

2sH 39

thoúon ånd
Evfsoû, 1962

Ft,Sure Il Aug 18, 1959 06r37:13 2SU I

Tubun, I980 Flgures 5

and I0
Mar 13, 1967 19t22:I9.5
¡rar 16, 1967 03:11¡59,3
Mar 29, 1970 03¡48:47.3
Jul 29, 1.970 05r50:56.4

2SM
lSM

4

Weidôer,1972 Flgure
2.3r,
thru 3

May 17,1964 19¡26:16,4
Jun 02, 1965 23t40:22.5
Nov I6, 1965 l5¡24:40.8
May 01, 1967 07:09:03.0
Jun 19, I970 I4:25:18.4

SM

2

72
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where t¡i is the observed arrival time of the i-th peak at
the j-th station, 0¡ is the azimuth of propagation
direction of the i-th ¡reak (measured from the north), c¡

is the phase velocity for the observed peak, and A0¡ :
0j - 0o, Aqj : pj - go (0.¡, g¡ and 0e, {pe âre respectively
the latitude and longitude of the j-th station and of the
reference point at each region all measured in km).

Further developments on the phase velocity
distribution in Japan using this method were rrade by
Kaminuma & Aki (1963), Kaminuma (1964) and
Kaminuma (1966a, b, a,). Other phase velocity
measurements using multiple-station array data were
done in Italy (Calcagnile et al., 1979 and Calcagnile &
Panua,1979).

The twestation method

c(T) : A
at - (T/2rr) [Aç(T) + 2rr N(T)] (4)

The first measurements of Rayleigh waves phase
velocity using the two-station method were performed
by Brune & Dorman (1963) for paths within the
Canadian Shield. They studied waves generated by
earthquakes that were selected so that the great circle
path going through each station pair would pass as
close to the epicenter as possible.

The routine followed to determine the phase
velocity curye for each path begins with the
identification of several phases from records of both
stations for each event considered. These phase were
plotted in a diagram relating phase number and arrival
time at the station. The period of each phase can then
be determined using this peak and through method. If
we consider the arrival time of a given peak and
trough with period T at each station, t1 and t2, we can
calculate cCI) the phase velocity for the Rayleigh
wave with perid T from the relation:

The multiple-stat¡on method and the determination of
phase velocity of Rayleigh waves in Japan

The method we discuss here was first used by
Aki (1961), to determine the distribution of phase
velocity of Rayleigh waves in Japan. He divided the
region studied into seven sub-regions, each containing
a group of stations, and conesponding to different
geological settings. One station in each region was
selected as a reference and the least squares method
was applied to determine the phase velocity ci, the
direction of propagation of the wave front 0i, and the
arrival time Q at the reference station for the i-th peak,
using the equation:

where At : tz - t1 if the wave propagates from station
1 to station 2 (Fie. 2); A is the distance between these
two stations, AçCI) : qz(f) - ptcf) (the difference in
the observed phase advances rp1(f) and g2(f) between
the two stations), and N(I) is an unknown integer
which must be corectly determined. It is usually
determined by calculating c(Ð for several trial values
of N(I) at long periods, and comparing the results
with previously measured or calculated values for
realistic models. N(Ð are then determined fircm the
continuity of phase as a function of T.
It is generally difficult to find ¿ur event whose
epicenter will be on the great circle path connecting
the two stations. We, then, choose events that will be

tji : cos 0i
ci A0¡+äqAe¡+ti (3)
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as close as possible to such an alignenrent. Brune &
Dorman (1963) compare the intersect angle between
the great circle direction of the epicenter to the first
station, with the great circle path connecting the two
stations (angle 0 in Fig. 2). Tbe practice of measuring
the intersect angle became a routine by other authors
that applied the method. Most reports of two-station
measurements made to date include information on the
limit chosen for the intersect angle. Rosa (1986)
suggests that this information rnay be useful to judge
the accuracy of each measurements, and to study
lateral heterogeneity effects in the areas covered by
the paths. Most studies considered by Rosa (1986)
show values for 0 < 1Oo.

Global compilation of Rayleigh

Trox 2

slATlot{ 1

ctTl

WAVE FBONT

EPICENTER

Figure 2. A station pair with spacing A is used to measure
the phase velocity c(I) for the path between the
two stations.

Figura 2. Neste cas¡o, urn par de estações, com uma distân-
cia A entre elas, é usado para medir a velocidade
de fase c(T) entre as duas estações.

The one.station method

Brune et al. (1960) introduced the one-station
method for measurement of Rayleigh wave phase
velocity. In contrast with the other phase velocity
measurement methods we reviewed so far, this
requires the knowledge of the initial phase of the
waves at the source, in order to separate the source
and path effects, which was done in the other methods
by using one or more additional stations assumed to
share the conìmon source effect.

The phase response curve for seismographs
computed by Hagiwara (1958) was not correctly used
by Brune et al. (1960), and an error of ,n was
identified and corrected in a later paper by Brune
(t962).

The correct formula for the phase velocity c(T)
of Rayleigh waves with period T measured using the
one-station method is given by the following equation,

c(Ð: A
t + (Tt2n) t$.G) - óo(Ð + ttl4 + 2n N(Ðl

(s)

where A is the epicentral distance of the observing
station (Fig. 3), t is the travel time of the Rayleigh
wave package arriving at the station, So(f) is the
observed phase advance corrected for the instnrment
response, ô.(T) is the source phase advance
(dependent on the focal mechanism, depth of the event
and the crustal stnrcture), and N(T) is the integer used
in the unwrapping of the observed phase. This latter
variable is determined using the a priorf knowledge
of'reasonable' phase velocity values at the longest of
the period range with significant signal power.

The tl4 factor corresponds to the phase shift due
to the dispersion, which should be eliminated if the
Fourier method is used instead of the peak-hough
method for measuring $.

srATrOt{

clrla,/'

WAVE FRONT

EPIC ENTER

Figure 3. The one-station method gives the phase velocity
for the total path between the epicenter of the
event and the observing station.

Figura 3. O método de uma única estação fornece o valor
de velocidade de fa-qe para o percurso total per-
corrido pela onda, entre o epicentro do evento e a
estação sismológica.

Weidner (1972) was the first to determine the
phase velocity of Rayleigh waves, using the
one-station method without assuming the focal depth
and source mechanism. He used both phase and
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amplitude spectra of the records for determination of
the depth and focal mechanism of a pair of
earthquakes sharing nearly co¡nmon hypocenters but
different focal mechanism. This was a major
improvement over the amplitude spectra method (e.g.,
used by Mendiguren (1971) to study an earthquake
located in the Nazca plate). In the calculations of
theoretical spectra for a laterally homogeneous,
vertically heterogeneous Earth model, he used the
method of Saito (1967), with the oceanic model of
Harkrider & Anderson (1966). The final depths and
focal mechanisms determined by this method were
then used to calculate the initial phase of the Rayleigh
waves for use in the phase velocity determination by
the one-station method.

In the phase velocity determination, Weidner
(1972, 1974) used time variable filters following
I-andisman et al. (1969), after determination of the
g¡oup velocity dispersion curyes by the moving
window analysis technique. Fourier analysis was used
in the phase velocity calculation. This sequence of
data analysis has been widely used to the present
(Patton, 1978; Romanowicz, 1981, 1982a) and was
also adopæd (with some modifications) in the second
part of our study. Weidner (1972) made an extensive
error analysis for the phase velocity measurements, of
which the main conclusion is that the major sources of
error are the mislocation of the earthquakes and
uncertainties in the origin time. According to this
analysis, the error in these phase velocity
measurements is about O.O2 km./sec for paths about
4OOO km long, and about 0.04 km,/sec for paths about
20OO km long.

J.W. Correa Rosa & K. Aki
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Source of enors ln the collected phase velocity
measurements

We shall discuss now the reliability of the phase
velocity measurements we have selected from the
literature which are summarized in Tab. 1 and plotted
in Fig. 4. Rosa (1986) reviewed the error estimates
made by the authors in each reference where this
information was available. These estimated were based
on different assumptions regarding the major sourceb
of error and different ways of estimation. These phase
velocity measurements were made using epicentral
data and origin time information of varied quality,
which has improved considerably with time.
Improvements on data processing techniques have also
played an important role on the accuracy of phase
velocity value (and also on the capability ofanalyzing
longer periods, as was possible with the use of Fourier
analysis replacing the earlier peak and trough method),
together with the development of methods used to
obtain the focal mechanism and depth of earthquakes
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Figure 4. Plot of all the phase velocity data previously
determined and included in our database.

Figun 4. Nesta ilustração, mostramos todos os valores de
velocidade de fase determinados ppviamente por
outros autore,s que foram incluidos em nosso ban-
co de dados.

from body wave data. These latter developments
supplied information needed to calculate the initial
source phase for the application of the one-station
method.

All these progresses enabled the use of the one-
station method more extensively, covering large areas
of the Earth. Aki & Richa¡ds (1980) pointed out rhar,
whenever the accurate determination of the initial
source phase is possible, the one-station method can
provide a more accurate measunements than two and
th¡ee station method. This is mainly because the effect
of inhomogeneities outside the rggion covered by the
array in the latter methods can contaminate the signal.
They also discussed the advantages of the two-station
method over the th¡ee-station method, because of the
difference in signal coherence between the di¡ections
parallel and perpendicular to the wave front for waves
propagating in a heterogeneous medium. A review of
the phase velocity measurement methods and their
evolution was also presented earlier by Kovach
(1978).

We could then argue that our data set should be
classified according to the method used for the phase
velocity measurement. Unfortunately, there are
complications due to the different data processing
procedure, unmatched seismographic instruments, and
other factors that cannot be accounted for by such a
simple analysis. The errors reported by the authors we
referred in this work, were evaluated using various
tecniques. Rosa (1986) described these whenever the
information was available.
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The sources of errors in phase velocity
measursments had been also considered by several
workers. McGarr (1969a) studied the effects of the
ocean-cohtinent boundary on the amplitude of
obsen¡ed Rayleigh waves. He concluded that this
feature plays a significant role on the refraction of
these waves, specially on the shorter periods portion
of the surface wave spectmm. Further studies on this
effiect a¡e reported by McGarr (1969b).

The multipathing effect on Rayleigh waves was
demonstrated by Capon (197O), and by Bungum &
Capon (1974). Their conclusion was that the
multipathing effect is caused mostly by the refraction
and reflection of surface waves at the ocean-continent
boundaries, mountain ranges or mid-ocean ridges. The
effects of these structufes on the phase velocity
measufements of surface waves was further studied by
Sobel & von Seggern (1978), who made a selection of
previously measured phase velocity data from the
literature (similar to the one in this worþ, used these
data to regionalize the phase velocity values for the
Earth, presenting the regionalized model in a similar
fashion that we present in the next section, and
perfonned surface wave ray tracing to study the
irnportance of the refraction and reflection effects.
They found that, for Rayleigh \¡/aves with 2O sec
period, significant effects on phase velocity can be
used by the refraction and/or reflection. Patton (1978)
also found the focusing and multþathing of the
Rayleigh waves by inhomogeneities as one of the
rnajor sources of errors in the phase velocity
nreasurements reported in his work. He made a study
of surface wave ray tracing @atton, 1980) that showed
results similar to those of the work of Sobel & von
Seggern (1978). The lower boundary set by Patton
(1978) who limited his study for waves with period
values greater than 25 seconds is probably a good
border line for such surface wave studies. He based
this conclusion on the results of several numerical
simultaneous he ¡rerformed considering this sort of
problem. Thus ca¡e should be taken when analyzing
the Rayleigh wave data that might be affected by
lateral heterogeneities. A careful selection of paths is
the best way to avoid such complications, as
emphasized by Aki et al. (1972) in their reply to the
comments by McGarr (1972) on the effect of lateral
heterogeneity on the Rayleigh wave spectra.

upper mantle
focal mechanism
inversion of the
by these

REGIONALIZATION OFTHE COLLECTED DATA SET

The purpose of this part of our work is the
grouping of the existing phase velocity data according
to the tectonic types of their paths in order to have an
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initial model of global distribution of phase velocity
The

Rayleigh
of phase velocity values for

global scale
with period less than 100 sec on a
have a number of applications: it can

be used to major differences in the crustal and
of different a¡eas, to obtain the
depth of eafhquakes from the

of such waves generated
and to calculate synthetic

seismograms of surface waves. Oliver (1962), Brune
(1969), Dorman (1969) and Knopof,f (L972,1983) all
studied the correlation of the different regionalized
phase velocity curves with the different crustal and
upper mantle stn¡ctufe associated with several tectonic
types. Sobel & von Seggern (1978) investigated the
effiects of laæral refraction of Rayleigh waves with 20
sec period propagating in a regionalized Eafth model.
The importance of regionalizßd phase velocity models
in the study of the focal mechanism of earthquakes
was demonstrat€d in the work of Trehu et al. (1981),
who studied the focal mçhanism and depth of two
earthquakes located in the North Atlantic using a
regionalized phase velocity model of ttrat region. The
success of the work of Trehu et al. (1981) was cited
by Aki (1982), who emphasized the importance of a
worldwide phase velocity model for routine
determination of moment t€nsor and focal depth. The
first atûempt for calculation of synthetic seismograms
of Rayleigh waves using regionalized phase velocity
values was made by Aki & Nordquist (1961) who
considered only the effect of dispersion. One of the
latest attempts, by Yomogida (1985), includes the
effect of laæral variation in phase velocity on the
wave form and amplitude.

We discuss now the procedure used to
regionalize the phase velocity data from the database
described in the previous section and plotted in Fig. 4.
We selected the period from 2O to 9O sec, with an
increment of 1O sec, and the period 98 sec. The phase
velocity at each of these nine period points was
determined for each phase velocity dispersion curve
through the interpolation of the values entered in our
database. We used a cubic spline to obøin the phase
velocity value c(f) at each reference period T
(Hildebrand, 1974). The calculation of the spline
weights suggested by Wiggins (1,976) for the
inærpolation of points in a digitized seismogram was
found appropriate in the interpolation of the phase
velocity dispersion curves of our database. The
interpolat€d data set, along with the information on the
measurements, a¡e all listed in Tab. A-1 (Appendix
A).

To regionalizæ, tllre interpolated phase velocity
data we considered several regionalized Earttr models
reviewed by Soriau & Soriau (1933). They selected
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Figurcr 5e, 6a ¡nd 7e. Discretized representation of the regionalized Eårth models of Jordan (1981), Iæveque (1980)' and

Okal (1927) respectively, to ¡e use¿ for waves wittiperiod less than or equal to 50 sec. Note that, for latitudes largpr

than g0 degrees, some adjustment was made m the block size. In the model by Jordan (1981), symbol 'a' represents

young oceanic regions (0 to 25 ry.),'b' is used for interrrediate-age ocean (25 to 100 rLY.), 'c' corre"sponds to old

ocean (age > 100 ¡n y.). In tlre conúnents, 'p' repl€sents 'Phanerozoic platforms'; 'd, 'Phanerozoic oro^genic zones

¿¡d megnnatic belts'; aod .s' is used for 'Púambrian strields and platfoms'. The model of tæveque (1980) shows thÊ

following symbols: ,N', for oceanic a¡eas with age ranging tom O to 30 rr"y., '=' for oceanic a¡eas older than 30

ey... In addition, .0' is used for shield a¡eas in*the conti¡ents, and ' ' Olank spaoe) is used for 'tectonic areas"

Finally, the nodei of Okal (1977) use.s symbols 'N', '#_' ,,':',and '-' for oceanic areas. These areas are bounded by tbe

30, g0, an¿-t¡5 m.y. ags çpnûours, Éspectiveþ Oiher symbols are '0' , for shield an€48, '.' for 'Phanerozoic

mountåins,, and . ' Olank space) får'denches an¿ rr"gin"f seas'. The above symbols \¡,e1€ al¡o us€d in Tabs' 2

through d Tabs.6 through 8, and Figs.9 through 11'

Figûrrs 5r, 6¡ c za. Representações discretas dos modelos de regionalização d¿ Terra fornecidos, r€spectivamente, por Jordan

(1gg1), r¿veque (lgg0ie okal (1977), que foram usados, nerte trabalho, para ondas com perfodo menor ou igual a 50

segundos. observa-se que, para latituAós maiores que 80 graus, forarn feitos alguns ajusæs oo tananho dos blocos

usados originalmenæ por aqueles autores. No modeio de Jordan (1981), o sfmbolo 'a' representa regiões ocBânicas jo-

vens (0 a ?S Ma),.b' é usado prru r"gO"* oceâdicas de idade inærrrediária (entre 25 e 1ü) Ma), 'c' corresponde às re-

giões oceânicas rnais antigas (idade ñaior que 100 Ma). Nos continenùes, o sfrrbolo'p'representa'Plataforrnas Fane'

rozóicas,; "iq"-t" 
qo" Jrf-uoto 'q;t"p*"nø'Zonas Orogenéticas Fanerozóicas'e'Magrmtic Belts'. O modelo de

Iæveque (19g0) mostra os seguintÊs sfm'bolos em seu modelo 'N', para ¡lreas oceânicas com idade variando entre 0 e

30 Ma, .:', p;r áreas oceânicas com idade superior a 30 Ma. Alérndisso, o sfrnbolo '0' é ruado, em seu trabalho, para

árcas de escudo nos continentes, e o sfrnbolo ; ' ("rp"ço em branco) é usado para'llreas tectônicas'. Finalrrcnte, no

modelo de okal onT)ros sfmbolos.N".#,, '-r 
" 

r--' sãousadospafaf€presentåf áf€asoceâ¡ricas.Estas¡lreassãoli-

mitadas, respectivarnenL, pelos oontorós dó ¡0, 80 e 135 M¿ Outros sfmbolos usados por Okal (1977) são: '0', para

regiões de escudo, '.' ¡)ara 'Regiões de Montanhas Fanerozóicas', e ' ' (espaço em branco), que representam Trin-

cheirase.Ma¡es,fU*Ëio"ir.Os-sfmbolosacimasãotanMmusadosnasTabs.2a4eTabs.6a8eFigs'9a11desæ
trabalho.
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Figur€s 5b, 6b and Zb. Discretized representation of the regionalized EarttÌ models of Jordan (1981)' Iæveque (1980)' and

Okal (1977) respectively, to be used for waves with period g€ater than 50 sec.

Figunr 5b, 6b c ?b. Reprasentação discreta dos rnodelos regionalizados da Terrg Jordan (1981)' I¡veque(1980) e Okal

(1977), respectivamente, que foram usados neste trabalho, para ondas com perlodo maior que 50 segundos.

o

three models (proposed by Okal, t977;I.eve,que. 1980
and Jordan, 1981) and compared how well these
models behave in the regionalization of a data set
composed of 296 phase velocity measurements in the
125 to 350 sec period range. They concluded that all
the three regionalized Earth models considered showed
approximately the same ¡rrformance. The model
introduced by Okal (1977) is composed of seven
regions: four oceanic, two continental and one formed
by a¡ear¡ of 'trenches and marginal seas'. The
regionalized Earth model used by l-eveque (1980)
consists of four regions: young ocean, old ocean,'a
region consisting of tectonically stable continental
areas, and one formed by portions of continents and
oceans which are more tectonically active today. The
third regionalized Earttr model is due to Jordan (1981).
This model was first published in Jordan (1979a, b),
and was used later by Silver & Jordan (1981) to
account for regional differences determined by the
study of free-oscillations. His model consists of three
oceanic and three continental regions.

In Fig. 5, we show the discretized version of
Jordan's regionalization, using the same block size of
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50 x 50. Figure 5a represents the model used for
waves with period less than or equal to 5O sec, while
Fig. 5b was used for waves with period greater than
50 sec. V/e adjusted the block size at high latitudes as

shown in these figures, in order to make the size of
these blocks comparable to the wave lenght (Rosa,
1986). Figrres 6 and 7 show the regionalized Earttr
models of læveque (1980) and Okal (1977),
respectively (Soriau & Soriau, 1983).

We used a simple procedure (Rosa, 1986) for
characterizing a given ray path in terms of a given
regionalized Earth model. For simplicity, we assumed
a spherical Earth model a rotated great circle path to
deærmine the mercator projection coordinates of each
point in the path (Fig. 8).

This way, we can find what fraction of a given
ray path is in one of the regions specified by each of
the three regionalized Ea¡th models described above.
We selected ray paths for which more than TOVo of the
total path length lied in one of the specified regions,
and assigned the phase velocity for the path ûo the
region as a sample. We repeated this selection process
for all periods and all ray paths for each of the three

, . ., . . ooooooooooooooooooltlN¡lNttlooooooooooooooooooooooooooo.
. . . . . . oooooooooooooooooott|NNNtttooooooooooooooooooooooooooo.
rrrltr ooooooooooootltNNNlllooooooooooooooooooooo..........
Itttll OOOOOOOOOOOOtIINI,¡¿lrlOOOOOOoOOOOoOoooooooo. . ., ,, ... ,

rrrrrr oooooooooooorttNNNtrrooooooooooooooooooooo.. ,. .. .. . .

=-=Ée=tllltlNNNNNNNNNOOOIllllllltOoooooooo. . . NNNllltlt
=.¡:==rrrrrrNNNNNNNNNOOOOOOOOO|lllrl-=ÈOgq . . -=a¡|.1¡¡lttllt
Ê-====trrrrINNNNNNNNNO(X)OOOOOOittllt-.-ooo. . . -¡rNM{lt¡rlt
===ÉB=tttrttNNNNNNNNNOOOOOOOOOitttttr.-OOO,,, .==NNNtttllt

ooo--Etttttt..'oooã=sltlNNN|ll.='f tloooooo
ooo--.t r I ttr=.'oooB--rrlNNN|ll.'.lf toooooo
OOO-.rrrtttt=3nOOO:È-f rtNNNlll.ÞEtllOOOoOo

---tf tllrltt-=.ltll tt¡ü.û{lttNl{a{tllttltlt. . . ttt
¡r¡lltlltltt!--ttltttNNNlttNNl{}ltlltttt.. . lll

rttN¡}{Nl,ûlNNNrltlll. . . trlll|NNNNNNN¡a¡¡ ttl
llllü¡Nf{t¡t{NNNrttltl.. . IlllIiNiINNNNN¡\ô¡ ttt
Ittttttrtlttlt t-c-=FÉ¿.ltrlrtlltttlNilif\|Î,|N

oooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooo

3aàs== t I IIttNNNNNNNNN ttt

IIIt.ltIT{NNN

oooooo------tttttl

ttt

.=tltttlrrt..
Itttt.

oootltoo(ì.
oo0tttooo.
ooolrrooo.
r{NNtrrttr
NNNitrttl

==trttrtttt. . . oooooo-----.rftrtr
.ttltltltt. . . OOOOOO----.-lttllt

---tttttlÊ¡¿ooooooooo,
---tttrrr--.0oooooooo.

..-ltt ll|NNNNNNitt
=--tt lrllNNNNNN|tt
' É=ttttltNNNNNN|tl

ttt11t......... ---lrrtll-:-ooooooooo.
t tItItNNNNNNNN¡¡OOOltttttlltO(tOOOOOOO.
ltttttNNNNNNNNNOOOttttttttlooooooooo.



J.W. Correa Rosa & K. Aki 237

regionalized Earth models. The resulting histogram of
phase velocity for each region (shown in Rosa, 1986).
Shows much narrower symmetric shape as compared
þ the initially skewed and broad histograms of global
data. We calculated the sample mean õ(Ð and the
square root of the sample variance s2(f) for each
region, from the distribution histograms. The values of
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circle ray path.

Figura 8. Sisæmas de coordenadas usados no traçado do
percurso tipo'grcat circle'.

õCI), n, and s(I) are given in Tab. 2 fot the
regionalized F:arth model of Jordan (1981), in Tab. 3'
for the model of l.æveque (1980) and in Tab. 4 for the

model of Okal (1977). These values were plotted in
Figs. 9 through 11 for each respective model. The
sample average and standard deviation for the whole
data set are also included in Tab. 2.

We compared the models of Jordan (1981)'
l-eveque (1980) and Okal (L977) in order to see which
model is the most effective in performing
regionalization (Rosa, 1986). This comparison was

made by the use of hypothesis testing (e.g., DeGroot,
1975; I-ass & Gottlieb, l97L arñ Huang, 1985 for a
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recent geophysical application). For all ttræe
regionalization models, we tested the hypothesis that
any two regions may have the same mean and
variance. The results proved that the performance of
all these modes is about the same. We then decided to
use Jordan's (1981) model in our analysis of new
phase velocity data in the second part of our study,
summarized in the following section.

PHASE VELOCITY - JORDAN'S MODEL
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Figures 9, 1O end 11. Plot of tlre average phase velocity
value õ(T) measured fø each region of the
Earth models shown in Figs. 5, 6 and '7,

respectively.

Figures 9, lO c 11. Gráfico do valor médio de velocidade
de fase, d(T), rnedido para cada uma das regiões
dos modelos regionalizados da Terra mostrados,
respectivamente, nas Figs. 5,6 e 7 .

ADDITIONAL PHASE VELOCITY MEASUREMENTS

As can be seen in Fig. 12, where we show the
great circle paths of the collecæd data for 5O seconds,
the coverage of our compiled data set is far frrom ideal
in many parts of the Earttr. In order to remedy the
situation, we decided to apply the one-station method
to an additional set of earthquakes, for which source
paramet€rs have been deærmined using the body
waveforrr daø. Our work more than doubled that
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PERIOD 5O sec

Figure 12. Geographical distribution of great circle paths corresponding to the references period 50 sec of our database of
published phase velocity data. The latitude ranges from 75oN to 70oS in the map.

Figura 12. Distribuição geográfica dos percursos do tipo'great citcle', correspondentes ao pefodo de referênsia de 50 segundos

de nosso banco de dados compilado de publicações anteriores. A latitude varia, nesûe mapa' entre 75oN e 7@S.

J.W. Correa Rosa & K. Aki

number of paths for which the phase velocities of
Rayleigh waves are measured for the period range
considered.

flata prccesslng 
.

We used a set of about 1500 seismograms
obtained by the vertical long-period seismograph of
the W$I¡SSN from 45 earttrquakes as shown in Fig. 13.

Their epicenter information is listed in Tab. 5. The
focal mechanisms and depths of these earthquakes
were obtained by a number of authors (Bergman &
Solomon, 1984, 1985; Bergman et al., 1984, 1985;
Bergman, 1986; Huang, 1985; Huang et al., 1986;
Jemsek et al., 1986), who used a computer program
developed by Nabelek (1984) for fitting the synthetic
teleseismic P and SH waveform to the observed.
Fortunately, the ne\il epicenters are conveniently
locaæd so that their paths to WWSSN stations cover
areas which wef€ not covered well in eadier studies,
such as the Indian Ocean, South America, South
Atlantic, and western Africa regions (Fig. 12). The
above authors have also chosen earthquakes with
epicenters in oceanic arreas, which provide records of
waves that travelled a considerable part of their paths

on a simple oceanic structure, which also helped to
provide records of fundamental mode Rayleigh waves
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2s9

relatively uncontaminated by other modes.
The above set of seismograms was selected based

on the overall quality of the record which was
examined on a microfiche viewer. We avoided those
records which showed modulated amplitude. Beating
was more frequently observable for shorter period
waves. The time window we selected for our study
was determined from the range of arrival time
corresponding to the range ofgroup velocity curves of
Oliver (1962). The end of the window was, in many
cases, placed at the appearance of the beating
phenomenon.

The above seismograms were then digitized, in
the window set for each case, and corrected for the
eventual rotation of the seismogram with relation to
the coordinate syst€m of the digitizer and to account
for the helical movement of the recording drum (James
& Linde, l97l).

Finally, the corrected amplitude and time pair for
each digitized point, was used in the interpolation
process to determine the amplitude at every second
(a(t)). The inærpolation method used, based on the
cubic spline interpolation, wâs shown by Wiggins
(1976) to be the most appropriatE for the interpolation
of digitized seismograms.

In the next step of the data processing, we have
applied the moving window analysis of l-andisman et
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T¡blc 5. Source information relative to the events used in this work.
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7 t.4t

-62.30
81 .74

33.9 I
I 30.86
- 15.66
-32.08

-1o4.24

84.33
- 10.68
-28.26

- 104.1 8

81.88

t77t87tOOs
171t46t277
283t54n51
t73t88n60
263t44t246

220t44t085
t65t68tOO9
300/68/304
216t59t290
ot6t4u236

234t76n91
264t50t26t
284t52t280
t69t77 tOO5

oo6t54t269

294t37 t27 I
t63t42t285
ooBt67 t2t5
o23t42t261
332t4utO6

o43t83n87
248t85n92
o25t46nO4
05u5U284
ot4t67 totg

08u59t074
332t49t280
333t721157
250t80n70
o87 t64t346

290t 52t tt8
o68t29tO92
298t87 tO05

307 I 44tO93

24u63t275

t99t82n8t
334t7't n7 3

230t37 t282
oo3t43to73
oou44t255

09u85n"]5
27 4t7 StOtO
240t60t050
331t46tO89
02.0t46t270

-9.08
78. l5
19.80
6.51

-6.46

5.7
6.2
6.2
5.8
6.1

9.6
125
50
24

33

l7
5

30
8

18

5

2

5

2

4

4

5

4
4
,

3

2

I

4

ut
vii
iv
t!
ii

lv
lll

i
i
ii

ii
ii
tt
iv
i

vtt
ii
vl
ii

ii
1l

ii
vi
iii

6
7

8

9

t0

12.46
-t4.22
-32.24
-32.20
-48.80

114.45
95,27
78.87
78.93

112.76

5.8
5.3
5.5
6.0
5.5

5.4
6.1

13

84
t2

3

24
ll
ll

9

I 965
I 965
1965

1966
1967

1967

1967

I 968
1968
r 968

tl
t2
13

t4
l5

5.2
5.3
5.5
5.6
5.8

3

3.7
7.7
6.4

22,8

t8
t7
13

27
9

16

t7
l8
l9
20

27.61
76.55

-47.76
5 8.35

7.03

6.1
5.4
5.7
5.6
6.1

106.3
t

15

15

140

1969
1969
1969

1969
1970

6

11

7

2

6

n,a.
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44

20
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9

l3
22

8
I

a.'seismic moment x 1024 dyne.cm (units equivalent to 1017 N.m); b. Focal mechanism: strike, dip and slip angles (in degrees),
according to the convention of Aki & Richards (1980); c. Centroid depth (km below seafloor); d. Approximate water depth at the
epicentral region; e. Reference body-wave studies: i) Bergman et al. (1984, 1985; ii) Bergman & Solomon (1984); iii) Bergman
& Solomon (1985); iv) Bergman (1986); v) Huang (1985); vi) Huang et al, (1986); vii) Jemsek et al. (1986).
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al. (1969). This was performed in order to determine

the group velocity dispersion curve of each path

studied. This technique has been used by Weidner
(1972), Forsyth (1973), and others. The usual data

Eeatment procedure also included the design of a time-
variable filter from these group velocity dispersion
curves, to eliminate contamination of the observed

spectra by waves other than Rayleigh waves. We

chose, however, not to use this step in our data

processing sequence, because some tests showed that
it was common to have a phase shift in the phase

spectra resultant from such windowing, relative to the

phase spectnrm of the undistorted signal. Instead, we
eliminated (Rosa, 1986) the data outside the period
bands for which a smooth and reasonable group

velocity dispersion curve (compatible with the bounds
supptied by Oliver, 1962) was obtained in the moving
window analysis. Further elimination of data was

necessary while checking the Fourier transform of
each digitized seismog¡am (a(t))'

Aous(T) e-iço(T) : ¡lz açt) "-Zritt^Î 
¿¡ (6)

tl

where t1 and t2 are the time limits of the window' We

have plotted the observed amplitude A*lT) and phase

delay go(T) (after application of the formulas of
Hagiwara, 1958, for the instrument r€sponse

correction) for each path, and elimrnated the period

range in which phase spectra varied irregularly (Rosa,

1986). At this point, a total of 1242 seismograms

rernained from our original set of about 15OO'

In the next step of our ,data analysis (Rosa,

1986), an extensive tse was made of a formula for the

calculation of the vertical component of the

fundamental mode Rayleigh wave spectrum for a point

source buried in a laterally homogeneous layered

medium that had been derived by Saito (1967)' This

step has been used by several authors (e.g' Weidner'

19i2; Forsyth, 1973; Patton, 1978, and others) in the

determination of phase velocity by the one-station

method, in which the source phase advance, gs(f) is

calculated for a given set of source parameters, and the

source depth. The phase velocity c(T) for the path

between a given station and the corresponding

epicenter for each of those earthquakes (Tab' 5) can

then be determined from the observed phase advance

go(Ð that has been corrected for the instrument

response,

Fourier transform for each record of Rayleigh waves.

The reliability of the source mechanism and

centroid depth derived using the body wave modelling
inversion method of Nabelek (1984) (listed in Tab. 5)

was tested comparing the theoretical amplitude

spectral density of Rayleigh waves in a layered

medium (calculated following Saito, 1967) with the

observed amplitude spectral density (Rosa, 1986). The

observed values were corected for the geometrical

spreading effect and the attenuation effect following
Tsai (1969). For each earthquake, this test was made

for the whole azimuth rìange, at four reference periods:

30, 50, 7O and 98 sec. From these tests, we could see

that, whenever the data is well distributed in azimuth,

we have a good agrcement between the calculated and

the theoretical curves (Rosa, 1986). The agreement

implies that the source mechanism and focal depth

determined from the body wave can also be applicable

to the surface waves.
In order to find the value of NCD in eq. (7)' one

must refer to some reference phase velocity dispersion

curve. Thus, in the determination of the value of N(T),
we made use of the phase velocity estimate for the

particular path calculated using the initial model

derived in the previous section. We used the

regionalized Earth model by Jordan (1981)' with the

values listed in Tab. 2 to select the value of N(T)
which gives the closest predicted value of c(T). The

above upwrapping procedure gave' in general,

satisfactory result except for the shortest periods, and

provided us with the phase velocity data for 1242 new

paths in addition to the data from the first part of this
work. These data are all listed, along with the

corresponding group velocity values for each period,

in Tab. B-1 (Appendix B) of this paper.

Etror analysis

The data processing procedure used in this
section are very similar to those used by Weidner
(L972), Forsyth (1973), Patton (1978), Romanowicz
(1981, I982b), Suarez (1982), and Pujol (1982). The
pofions of the data processing in our study that differ
from the earlier works are: avoiding the use of time-
variable filter, and unwrapping of the observed phase
spectra using an automated process based on the initial
model. There may be differences in the errors in phase

velocity due to differences in uncertainties in the focal
mechanism and depth of each earthquake. These

uncertainties depend on several factors. Different
types offault mechanism and depth can cause different
sources of uncertainty. For example, it seems that the
strike-slip events cause more problems with the strike
uncertainty, due to the four-lobed azimuthal variation

c(T) : A

t + (Tl2¡) [ç'(l) - 9o(T) + r¡t4 * 2t N(T)]
(7)

Here, t represents the starting time for calculating the

Revísta Bresileira de Geoflsica; 1991, Vol. 9 (2), 223-248



242

of the radiation pattern. This causes phase changes
more often than, for example, dip slip mechanism. The
ideal approach would be the simultaneous inversion, in
which both the phase velocity distribution and the
source parameters are adjusted to improve the
agteement between the observed and predicted
amplitude and phase spectra. Such an approach was
taken by Weidner (1972), Patton (1978) and others.

The erroñ¡ in our phase velocity data are
probably of the same magnitude as those in Forsyth
(1973) (at most O.06 km/sec), and better than most
works we reviewed so far, but they are by no means
comparable to the eror level achieved by a work such
as Weidner (1,972), who accomplished an almost
complbæ separation of source and propagation effects
on these waves and the accr¡racy of phase velocity as

good as t O"OZ km/sec in the period range 2G1OO sec.
Some of the event-station pairs we studied were

also used by previous workers, whose work we
reviewed above. We have sea¡ched our database and
found that we had 14 pairs already studied by other
authors. Rosa (1986) checked those data and found
that despite some difference in the focal mechanism
and depth used by our study and theirs, there is a good
agreement between the phase velocity values in rnost
cases (less than O.O5 km/sec).

Global compilation of RaYleigh

Regionallzal¡on of the grcup velocity data

In the work described above, we used the group

velocity measured for each path as a guide to
determine which portions of the Rayleigh wave

spectrum were suitable for the phase velocity
measurement. These data will be used here to
determine regional variation of group velocity for the

period range 2O to 10O sec, in the same fashion we

analyzed the phase velocity data compiled from the

literature. To achieve this objective, we grouped these

data using the same three regionaliz.ed Earth models as

discussed for the phase velocity case, with their
discretized version shown in Figs. 5 through 7 for the

models of Jordan (1981), I-eveque (1980), and Okal
(1977), respectively. This time, we selected ray paths

for which more than 4O percent of the total path length

lies in one of the specified regions, instead of the 70
percent limit used for the phase velocity estimation for
each region (because, in this case, the path lenghts ale
much longer than in the phase velocity study).

TA¡LE 6

JORDANTS MODEL - CROUp VELoCITI (lncludes also sll dsrs)
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Figure 13. Geographic distribution of the earthquake

studied in this work.

Figura 13. Distribuição geográfica do epicentro dos even-
ûos estudados neste trabalho.
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TÆLE 7

úvêqu¡'s ¡oDEL - cRouP vELocrrr
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We calculated the sample mean ECf), and the

squaf€ root of the sample variance 52¡f) for each

region, of each region, of each regionalized model.
These values, together with the number of samples

assigned to each region, a¡e shown in Tabs. 6 through
8, for the regionalized Earttr models of Jordan (1981)'
læveque (1980), and Okal (1977), respectively. The

sample average and the standa¡d deviation for the

whole data set a¡e also shown in Tab. 6. The sample

average values of Tabs. 6 through 8 are plotæd in
Figs. 14 through 16, resPectivelY.

We compaled the models of Jordan (1981)'
I-eveque (1980), and Okal (1977) in the same fashion

as in the phase velocity study. This time, we found
that the performance of the models of Jordan (1981),

and Okal (1977), have roughly the same effectiveness,
in contrast with the much better performance of the

four-region model of l-eveque (1980), which used a
much coarser grid than the others.

TÀ¡LE 8

OXÁI'S I{ODEL - GROUP VELOCITY

GROUP VELOCITY - JONDAN'S HODEL
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We have gathered from the literature a large

amount of phase velocity data for fundamental mode

Rayleigh waves with period ranglng between 2O to

l4

t1
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Figures 14, 15 and 16. Plots of the average group
velocity value ü(T) rpasur€d for each region
of the Earth models shown in Figs. 5, 6 md7,
rspecdvelv.

Figuns 14, 15 c 16. G'r¡lfroos dos valor€s médioe de ve-
locidade de gnrpo, ü(T), medidos para cada
região doe modelos regionalizados da Terra
mostrados, respectivame,nte, nas Figs. 5,6 e 7.

REFE

Global compílation of Rayleigh

l(X) sec, and organized a database of these values so
ttrat they can be effectively and routinely used for
various pu4)oses.

The collected data were used ûo determine ttrc
mean phase velocity for the regionalized Earth rnodels
of Jorda¡r (1981), Iæveque (1980), and Okal (1977\.
These values sen¡e ar¡ an initial model used in the
second part of our study, where we performed
observations corresponding to Rayleigh waves
generated by a set of 45 earthquakes, which had their
source mechanism and focal depth determined by other
authors using body-waveform data matching. The
source mechanisms and focal depths agree well with
the surface wave amplitude data of Rosa (1986). The
newly measured phase velocities were used to increase
our original database, which was¡ mone than doubled.

The th¡ee regionalized Earth rnodels above can
also be used in a variety of fields in Geophysics to
study areas locaæd anywhere on the Earth. \Ye hope
that this newly available and well-catalogued set 9f
information will significantly increase the use of
fundamental node Rayleigh waves in the period range
considered, in geophysical studies.

The group velocity database presented in this
paper is also a contribution to the study of Rayleigh
waves, despite the larger measurerent errors than the
phase velocity data.
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